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Pemphigus vulgaris (PV) is a potentially fatal blistering dis-
ease characterized by autoantibodies against the desmosomal
adhesion protein desmoglein (Dsg) 3. Whether autoantibody
steric hindrance or signaling through pathways such as p38
MAPK is primary in disease pathogenesis is controversial. PV
mAbs that cause endocytosis of Dsg3 but do not dissociate ke-
ratinocytes because of compensatory adhesion by Dsgl do not
activate p38. The same mAbs plus exfoliative toxin to inacti-
vate Dsgl but not exfoliative toxin alone activate p38, suggest-
ing that p38 activation is secondary to loss of adhesion. Mice
with epidermal p38a deficiency blister after passive transfer of
PV mAbs; however, acantholytic cells retain cell surface Dsg3
compared with wild-type mice. In cultured keratinocytes, p38
knockdown prevents loss of desmosomal Dsg3 by PV mAbs,
and exogenous p38 activation causes internalization of Dsg3,
desmocollin 3, and desmoplakin. p38a MAPK is therefore not
required for the loss of intercellular adhesion in PV, but may
function downstream to augment blistering via Dsg3 endocy-
tosis. Treatments aimed at increasing keratinocyte adhesion
could be used in conjunction with immunosuppressive agents,
potentially leading to safer and more effective combination
therapy regimens.

Pemphigus vulgaris (PV)? is a potentially fatal autoimmune
blistering disorder caused by autoantibodies to keratinocyte
cell adhesion proteins known as desmogleins (1). The pathog-
nomonic histologic finding in PV is suprabasal acantholysis,
or the detachment of intact keratinocytes from each other
because of loss of intercellular adhesion. A characteristic clin-
ical finding in PV is Nikolsky’s sign, in which blisters can be
induced in otherwise normal-appearing skin by applying pres-
sure or mechanical shear force, reflecting the loss of intercel-
lular adhesion even in skin without overt blisters (2).

PV autoantibodies primarily target desmoglein (Dsg) 3, a
transmembrane adhesion molecule of desmosomes (3). Pas-
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sive transfer experiments using neonatal mice have estab-
lished the pathogenicity of the anti-Dsg3 autoantibodies in PV
(4, 5). The anatomic site of blister formation is thought to be
due to the tissue-specific expression patterns of different Dsg
isoforms, also known as the desmoglein compensation theory.
Dsg3 is expressed by basal keratinocytes of mucosa and skin,
whereas Dsgl is expressed by basal keratinocytes in skin but
not mucosa (6, 7). Therefore, patients with Dsg3 autoantibod-
ies demonstrate blistering in the mucosa, where compensa-
tory adhesion by Dsgl is not present (mucosal-dominant PV).
In some patients who progress to develop Dsgl in addition to
Dsg3 autoantibodies, suprabasal blisters appear in both the
mucosa and skin (mucocutaneous PV) (8 —10).

Epitope mapping studies have shown that pathogenic PV
autoantibodies preferentially bind the amino-terminal do-
main of Dsg3 that is predicted to form the transadhesive in-
terface between cells, based on analogy to ultrastructural
models for the classical cadherins (11-13). PV IgG has also
been shown to directly inhibit Dsg3 homophilic interactions
in vitro (14). These data have supported the “steric hindrance”
model of disease, in which direct interference with Dsg3 in-
teractions causes the loss of intercellular adhesion.

The loss of intercellular adhesion in PV has been mechanis-
tically linked to the endocytosis and degradation of Dsg3 (15—
18), although it has been debated whether endocytosis is the
result or the cause of the loss of intercellular adhesion. Addi-
tionally, other studies have shown that inhibition of various
signaling pathways can prevent blister formation in the pas-
sive transfer mouse model, questioning the primacy of steric
hindrance in disease pathogenesis (19). p38 MAPK is phos-
phorylated in human keratinocytes treated with PV IgG and
in PV skin lesions (20, 21). Inhibitor studies using SB202190
and related compounds have suggested that p38 activation is
necessary for blister formation in the passive transfer mouse
model (22) as well as for PV IgG-mediated Dsg3 internaliza-
tion (23).

p38 is a member of the MAPK family, best characterized
for its role in regulating the cellular response to a variety of
infectious and environmental stimuli, including thermal, os-
motic, and oxidative stress (24 -27). Four p38 isoforms («, 3,
v, and 8) have been identified (28 —31). The «, 3, and & iso-
forms have been detected at the RNA level in cultured human
keratinocytes (32), whereas mouse epidermal keratinocytes
express the «, y, and 8 isoforms (33). The four isoforms share
structural and biochemical properties, including a dual Thr/
Tyr motif activated by phosphorylation. Only the « and 3
isoforms are susceptible to inhibition by pyridinyl imidazoles
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such as SB202190 (34, 35); however, these ATP-binding site
inhibitors have also been shown to affect protein kinases
other than p38 (36). To further define the role of p38 in des-
mosomal cell adhesion and PV, we studied the effects of path-
ogenic PV mAbs in normal and p38-silenced primary human
keratinocytes as well as mice with a K14-Cre-mediated dele-
tion of p38a MAPK in the epidermis.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Primary antibodies included
mouse monoclonal anti-p38 and anti-phospho-p38 (Thr-180/
Tyr-182) and rabbit anti-p38« (Cell Signaling Technology),
mouse monoclonal anti-Dsg3 (5G11, Invitrogen), rabbit poly-
clonal anti-Dsg3 (H-145, Abcam), mouse anti-desmoplakin
(BioDesign International), mouse monoclonal anti-Dsc3
(U114, Meridian Life Science Inc.), rabbit polyclonal anti-
Dsc3 (H-50, Santa Cruz Biotechnology Inc.), mouse mono-
clonal anti-keratin (Zymed Laboratories Inc.), mouse mono-
clonal anti-plakoglobin (11E4, anti-y-catenin, Chemicon), and
mouse anti-EEA-1 (BD Biosciences).

Secondary antibodies or reagents included HRP-conjugated
donkey anti-mouse or anti-rabbit IgG (Jackson ImmunoRe-
search Laboratories), Alexa 488-conjugated donkey anti-rab-
bit IgG, Alexa 488-conjugated goat anti-mouse and rabbit
IgG, and Alexa 594-conjugated goat anti-mouse, rat, and rab-
bit IgG (Molecular Probes).

PV mAbs were produced as described previously (37). The
p38 inhibitor (SB202190) and its structural analog (SB202474)
were a generous gift from Dr. John Seykora.

Cell Culture and Treatments—Primary human epidermal
keratinocytes (PHEK) isolated from neonatal foreskin were
obtained from the Penn Skin Disease Research Center. Cells
from passages 4 —5 were propagated in defined keratinocyte
serum-free medium (Invitrogen) containing 0.07 mm CaCl,
and penicillin/streptomycin (Invitrogen) and maintained in a
humidified incubator with 5% CO, at 37 °C. Cells were incu-
bated with 0.4 mMm calcium for 16 h to promote desmosome
assembly, followed by treatment with PV mAbs, anisomycin,
or H,O,. For p38 inhibition assays, cells were treated with 2
M SB202190 or its inactive analog SB202474, followed by
0-200 pg/ml PV mAbs, 0-200 um H,O,, or 0—-100 ug/ml
anisomycin.

Immunofluorescence Studies—PHEK were seeded on cover-
slips preincubated with rat tail collagen (Sigma). Cells were
treated with PV mAbs in defined keratinocyte serum-free me-
dium containing 1.2 mMm calcium for the indicated amount of
time and then fixed in PBS containing 4% paraformaldehyde
(freshly diluted from a 20% paraformaldehyde solution, Elec-
tron Microscopy Sciences) for 20 min at 4 °C, or with ice-cold
methanol or methanol/acetone (1:1) for 15 min at 4 °C. For
cells fixed with 4% paraformaldehyde, a 3-min incubation
with PBS containing 0.2% Triton X-100 was used for cell per-
meabilization. Cells were blocked in PBS containing 2% BSA
for 60 min at room temperature or overnight at 4 °C, followed
by incubation with primary antibodies in blocking solution for
1 h at room temperature. After three washes in PBS, cells
were incubated with secondary antibodies diluted 1:200 in
blocking solution for 30 — 60 min at room temperature. Nu-
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clear staining was performed with DAPI (Sigma) or with Pro-
Long Gold antifade reagent with DAPI (Molecular Probes).
Immunofluorescence was visualized with an Olympus BX61
microscope. Images were acquired using Slidebook 4.2 soft-
ware (Olympus) and a Hamamatsu Orca ER camera, using
consistent time exposures among samples. Nearest neighbor
deconvolution was performed on the acquired images.

For cell surface labeling of Dsg3, PHEK were first cultured
for 18 h in defined keratinocyte serum-free medium contain-
ing 0.4 mm calcium to promote desmosome assembly. Cells
were incubated in the same medium containing a nonpatho-
genic anti-Dsg3 mAb conjugated with enhanced GFP (eGFP;
provided by John R. Stanley) at 4 °C for 1 h, washed with PBS,
and subsequently incubated with 200 um H,O, or 200 ug/ml
anisomycin at 37 °C for 0-16 h. Cells were fixed with 4%
paraformaldehyde without permeabilization and visualized
using an Olympus BX61 microscope.

For mouse skin tissue, binding of PV mAbs after passive
transfer was confirmed in mouse skin by direct immunofluo-
rescence using anti-human IgG conjugated with FITC (In-
vitrogen). Costaining of Dsg3 was performed using a mouse
monoclonal anti-Dsg3 antibody (5G11), followed by Alexa
Fluor 594-conjugated anti-mouse IgG. Immunofluorescence
was visualized using a Leica TCS SP2 confocal microscopy
system (20X objective lens, 0.7 numerical aperture) using ex-
citation wavelengths of 488 and 561 nm and detection wave-
lengths of 500 -540 and 575- 675 nm, respectively. The rela-
tive amount of cell surface Dsg3 was evaluated using Image]
analysis of confocal images. 100 keratinocytes from skin sec-
tions of three WT and four knock-out (KO) mice were mea-
sured by region of interest. The relative amount of cell surface
Dsg3 was calculated as (total cellular signal intensity — intra-
cellular signal intensity)/total cellular signal intensity, normal-
izing the mean value for KO mice to 1.0.

Cell Fractionation and Immunoblotting—PHEK were cul-
tured to 90 —-100% confluence in defined keratinocyte serum-
free medium with 5% CO, at 37 °C before experiments. After
treatments, cells were chilled on ice and washed with ice-cold
PBS containing calcium and magnesium (Dulbecco’s PBS,
Mediatech, Inc.). For cell fractionation assays, cells were lysed
in buffer containing 1% Triton X-100, 10 mm Tris-HCI (pH
7.5), 140 mm NaCl, 5 mm EDTA, and 2 mm EGTA with prote-
ase inhibitors (P8340, Sigma) for 15 min on ice, followed by
centrifugation at 16,000 X g for 20 min at 4 °C. The resulting
Triton X-100-soluble supernatant was collected as the cy-
tosol/membrane (nondesmosomal) fraction. The Triton
X-100-insoluble pellets (containing desmosomal fractions)
were solubilized in Laemmli sample buffer containing 5%
B-mercaptoethanol. Total protein was determined by protein
assay (RC-DC, Bio-Rad), and 50 ug of each sample fraction
was separated by SDS-PAGE. Proteins were transferred to
nitrocellulose, and membranes were incubated with primary
antibodies diluted in PBS and 5% milk. Blots were washed
with PBS containing 0.1% Tween 20 and then incubated with
either HRP-conjugated goat anti-mouse (Bio-Rad) or donkey
anti-mouse (Jackson ImmunoResearch Laboratories) second-
ary antibodies diluted in PBS and 5% milk. Blots were devel-
oped using ECL Plus reagent (Amersham Biosciences).
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Quantitation of the relative increase in p38 activity by im-
munoblotting (as a -fold increase over basal p38 phosphoryla-
tion) was performed using Scion Image 4.0.3.2 and normal-
ized for protein expression in each assay. Statistical analysis
was conducted using one-way analysis of variance.

RNA Interference— Transfections of p38 pool or control
siRNAs (Cell Signaling Technology) into primary human epi-
dermal keratinocytes were performed using Lipofectamine
2000 transfection reagent (Invitrogen) according to the manu-
facturer’s protocols. Cells transfected with siRNA were
treated with PV mAbs or H,O, for 4 h in the presence of 1.2
mM calcium 48 h after transfection and subsequently har-
vested for analysis.

Neonatal Mouse Passive Transfer—p38 fl/fl;+/+ (WT) or
p38 fl/f;K14cre/+ (KO) mice on a C57Bl/6] background were
used for passive transfer studies (33). Newborn mice (1-2
days old) weighing between 1.2 and 1.8 g were injected subcu-
taneously between the shoulder blades using a 1-ml insulin
syringe. Each animal received 10 —40 ug of purified NP2 or P1
IgG and was sacrificed 6 h later for evaluation. Skin sections
were fixed in 10% phosphate-buffered formalin (Fisher) for
histology. Skin was also harvested for direct immunofluores-
cence by embedding and freezing in O.C.T. compound (Elec-
tron Microscopy Sciences). Blood was collected, and the se-
rum was tested using Dsg3 ELISA (MBL International) to
determine the index value of circulating PV IgG for each in-
jection. Tails were collected for DNA extraction and genotyp-
ing as described previously (33).

Histology and Immunohistochemistry—Formalin-fixed, par-
affin-embedded mouse skin sections, 4—6 um thick, were
stained with hematoxylin and eosin according to standard
procedures for histologic evaluation of blister formation after
passive transfer of PV IgG. For UV radiation experiments,
WT mice were exposed to a one-time UVB dose of 500 mJ/
cm?, and skin was harvested 24 h after exposure. Inmunohis-
tochemical staining was performed to evaluate p38 activation
in mouse epidermis. Briefly, paraffin-embedded sections were
heated at 80 °C for 30 min, followed by deparaffinization and
antigen retrieval in citrate buffer (pH 7) at 100 °C for 7 min.
The sections were treated with 0.3% H,O, (Sigma) for 1 h at
room temperature and blocked with 2% BSA (Sigma) for 1 h
at room temperature. Rabbit anti-phospho-p38 or rabbit anti-
p38a primary antibodies were incubated with skin sections
overnight at 4 °C, followed by peroxidase-conjugated donkey
anti-rabbit IgG for 1 h at room temperature. Sections were
developed using a liquid diaminobenzidine substrate kit
(Invitrogen).

RESULTS

Pathogenic PV mAbs That Cause Internalization of Dsg3
and the Loss of Intercellular Adhesion but Not Those That
Cause Internalization of Dsg3 without the Loss of Intercellular
Adhesion Activate p38 MAPK—PV serum IgG is heterogene-
ous, containing pathogenic, nonpathogenic, and many unre-
lated antibodies. Previously, we isolated pathogenic and
nonpathogenic anti-Dsg3 mAbs from PV patients (37). Patho-
genicity is defined by the ability of mAbs to cause suprabasal
acantholytic blistering in human skin explants and/or passive
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transfer to neonatal mice, in addition to dissociation of cul-
tured human keratinocytes. Prior studies have shown that
pathogenic but not nonpathogenic PV mAbs also cause endo-
cytosis of Dsg3, but not the related desmosomal adhesion
protein desmocollin 3, thereby disrupting desmosome assem-
bly (17).

In cultured primary human keratinocytes, as in the epider-
mis, both Dsg3 and Dsgl must be inactivated to cause cell
dissociation. Therefore, pathogenic mAbs that recognize both
Dsg3 and Dsgl cause cell dissociation of cultured keratino-
cytes, suprabasal blisters in human skin, and Dsg3 endocyto-
sis, whereas pathogenic mAbs that recognize only Dsg3 will
cause Dsg3 endocytosis but will not cause cultured cell disso-
ciation or blisters in human skin unless compensatory adhe-
sion by Dsgl is also inactivated, by either pathogenic anti-
Dsgl autoantibodies or staphylococcal exfoliative toxin,
which cleaves Dsgl (38 —40). Supplemental Table S1 summa-
rizes the antigen specificity of the mAbs used in our study,
including AK23, a pathogenic anti-Dsg3 mAb isolated from
an active immune mouse model of PV (41).

We evaluated four pathogenic and two nonpathogenic anti-
Dsg3 mAbs for their ability to activate p38 in PHEK as deter-
mined by immunoblotting of keratinocyte lysates with anti-
bodies specific for Thr/Tyr-phosphorylated p38 (all four
isoforms) using total p38 as a loading control. Pathogenic an-
tibodies P1 and P3, which cause Dsg3 internalization and the
loss of intercellular adhesion, activated p38 (Fig. 14). P1 mAb
activated p38 in a dose-dependent manner, which was com-
parable among monovalent single-chain variable fragment,
IgG1, and IgG4 forms of P1 mAb (supplemental Fig. S1), indi-
cating that cross-linking of Dsg molecules is not required for
p38 activation.

In contrast, nonpathogenic antibodies NP1 and NP2, as
well as pathogenic antibodies AK23 and P2, which cause Dsg3
internalization but not keratinocyte dissociation because of
compensatory adhesion by Dsgl, did not activate p38 (Fig.
1A). The same mAbs plus low-dose exfoliative toxin A (ETA)
to inactivate Dsgl and cause the loss of keratinocyte adhesion,
but not low-dose ETA alone, activated p38 (Fig. 1, B and C).
These findings indicate that p38 activation is not required for
PV mAb-induced Dsg3 endocytosis and also suggest that p38
activation is secondary to the loss of intercellular adhesion.

Mice with a Targeted Deletion of p38a MAPK in the Epider-
mis Demonstrate Loss of Intercellular Adhesion after Passive
Transfer of PV mAbs—W e next evaluated whether mice with
a K14-Cre-mediated deletion of p38« in the epidermis (KO,
p38 f1/fl;K14cre/+) were susceptible to experimental PV using
wild-type littermates (W', p38 fl/fl;+/+) as controls. The
efficiency of p38a deletion in skin keratinocytes is essentially
complete, as determined by immunoblotting of epidermal
keratinocyte lysates and p38a-specific immunohistochemistry
of blistered skin from WT and KO mice (supplemental Fig.
S2). Three WT and two KO mice injected with 40 ug of non-
pathogenic NP2 IgG demonstrated no evidence of gross or
histologic blistering (Fig. 2, A and B). Five WT and three KO
mice injected with 40 ug of pathogenic P1 IgG all demon-
strated Nikolsky-positive blisters and suprabasal acantholysis
on histology (Fig. 2, A and B). To evaluate whether KO mice
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FIGURE 1. PV mAbs that cause the loss of intercellular adhesion, but not those that cause internalization of Dsg3 without loss of intercellular adhe-
sion, activate p38 MAPK. A, survey of pathogenic and nonpathogenic PV mAbs on activation of p38. PHEK were treated with 200 g/ml mAbs or 100 um
H,0, for 2 h, followed by lysis of cells with Laemmli sample buffer containing 5% B-mercaptoethanol. p38 phosphorylation (upper panel) and total p38 pro-
tein (lower panel) levels were determined by immunoblotting using antibodies specific to phospho-Thr-180/Tyr-182 p38 and p38, respectively. P1 and P3
pathogenic mAbs cause Dsg3 internalization and loss of intercellular adhesion, whereas P2 and AK23 pathogenic mAbs cause Dsg3 internalization only
(loss of intercellular adhesion in cultured keratinocytes depends on simultaneous inactivation of Dsg1). NP1 and NP2 are nonpathogenic PV mAbs. B, ETA,
which cleaves Dsg1, weakly activates p38 at high doses. PHEK were treated with increasing doses of ETA for 2 h and assayed for p38 activation as described
above. C, synergistic effect of ETA and P2 or AK23 mAbs on p38 activation. Cells were treated with PV mAbs (200 ng/ml), 1 wg/ml ETA alone, or PV mAb plus
1 ng/ml ETA. p38 activation was observed only under experimental conditions causing the loss of intercellular adhesion. For A and C, the -fold increase in
p38 phosphorylation from three independent experiments was quantitated (normalizing basal phosphorylation to 1.0). Error bars indicate 1 S.D. above and
below the mean value. *, p < 0.05 (by analysis of variance).

may demonstrate a lower threshold for blister induction com-  pho-p38 staining in mouse skin compared with nonirradiated

pared with WT mice, we passively transferred decreasing mice (Fig. 2C). Significant p38 activation was observed in ke-
doses of pathogenic P1 IgG to neonatal mice. After passive ratinocytes in the blister roof and base of WT mice (indicated
transfer of 20 ug, four/five WT mice and three/three KO by arrows) injected with 40 ug of P1 mAb compared with ke-
mice demonstrated gross blisters with histology demonstrat- ratinocytes in perilesional epidermis. No p38 activation was
ing suprabasal acantholysis. After passive transfer of 10 ug, detected in perilesional keratinocytes in p38a-deficient epi-
zero/three WT and three/four KO mice demonstrated gross dermis. Focal phospho-p38 staining (due to remaining p38-y
blisters, although three/three WT and four/four KO mice and/or p388) was observed in lesional keratinocytes in p38a-
demonstrated suprabasal acantholysis on histology (summa- deficient epidermis (indicated by arrows).

rized in supplemental Table S2). These findings indicate that Dsg3 Localization Differs in Acantholytic Cells of p38a-defi-
p38a MAPK is not required for the loss of intercellular adhe-  cient and Wild-type Mouse Epidermis—To evaluate the in
sion in the passive transfer neonatal mouse model of PV. vivo effects of p38a deficiency on PV mAb-induced internal-

P38 MAPK Activation Is Observed in Lesional but Not Non-  ization of cell surface Dsg3, we performed confocal immuno-
lesional Keratinocytes from Wild-Type and, to a Lesser Extent,  fluorescence microscopy on the skin of mice injected with
p38a-deficient Mouse Epidermis—To determine whether acti-  pathogenic P1 IgG. P1 IgG and mouse Dsg3 were stained in
vated p38 is detectable in epidermal keratinocytes of WT and  skin sections from three KO and five WT mice injected with

KO mice, we performed immunohistochemical staining for 40 pg of P1 IgG. In acantholytic keratinocytes of WT mice,
Thr/Tyr-phosphorylated p38. As a positive control for stain- Dsg3 as well as IgG cell surface staining was disrupted (Fig.
ing, UVB irradiation resulted in a marked increase in phos- 2D). In KO mice, acantholytic keratinocytes retained Dsg3
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FIGURE 2. Mice with a targeted deletion of p38a MAPK in the epidermis are susceptible to experimental PV. A, gross blister formation after passive
transfer of pathogenic PV mAbs. p38 fl/fl;K14cre/+ (KO) and p38 fl/fl;+/+ (WT) mice were injected subcutaneously with 40 ng of nonpathogenic (NP2) or
pathogenic (P1) PV IgG. Both WT and KO mice developed gross blisters (indicated by arrows) after P11gG passive transfer. B, P1 mAb causes suprabasal PV
blisters in both WT and KO mice. Mice injected with nonpathogenic (NP2) PV mAb did not develop blisters. 12 of 13 WT mice and eight of eight KO mice
injected with P1 mAb developed histologic blisters with suprabasal acantholysis typical of PV. Scale bar = 100 um. C, p38 is activated in lesional but not
perilesional keratinocytes of mouse epidermis after P1 mAb passive transfer. UVB irradiation led to phosphorylation of p38 in mouse epidermis. Activated
p38 was markedly increased in lesional compared with perilesional keratinocytes from WT mice. Focal p38 activation was detected in lesional keratinocytes
from p38a-deficient epidermis. Scale bar = 100 um. D, confocal immunofluorescence microscopy of WT and KO mouse skin after pathogenic P1 mAb pas-
sive transfer. Localization of Dsg3 (green) and P1 1gG (red) is shown. Scale bar = 10 um. E, quantification of cell surface Dsg3. The relative amount of cell sur-
face Dsg3 was significantly increased in p38a-deficient skin keratinocytes compared with those in WT mice (p < 0.01 (Student’s t test)). Confocal immuno-

fluorescence experiments were performed three times; error bars indicate 1 S.D. the mean.

and P1 IgG cell surface localization, suggesting defects in PV
mAb-induced internalization of Dsg3 in p38a-deficient kera-
tinocytes. The cell surface localization of Dsg3 was signifi-
cantly different between keratinocytes in WT and KO mice
(p < 0.01 (Student’s ¢ test)) (Fig. 2E).

Activation of p38 Stimulates Dsg3 Endocytosis and Inhibi-
tion of p38 Activation Prevents PV mAb-induced Dsg3
Endocytosis—To further explore the relationship between p38
activation and Dsg3 endocytosis, we exogenously activated
p38 in PHEK and determined the subcellular localization of
Dsg3. In initial experiments, we determined the dose response
of p38 activation to anisomycin and H,O, (supplemental Fig.
S4A). Treatment of primary human keratinocytes with aniso-
mycin caused loss of cell surface Dsg3 and the desmosomal
marker desmoplakin (Fig. 3A4). Similar findings were observed
after oxidative stress of PHEK with H,O,. Loss of cell surface
desmocollin 3, the other major desmosomal cadherin ex-
pressed by basal keratinocytes, but not the adherens junction
protein E-cadherin, was observed after anisomycin or H,0,
treatment of PHEK (Fig. 3B). To confirm that anisomycin or
H,0, stimulated internalization of cell surface Dsg3, we la-
beled cell surface Dsg3 using an eGFP-conjugated nonpatho-
genic anti-Dsg3 antibody that has been demonstrated previ-
ously not to cause endocytosis of Dsg3 (17). After incubation
with the eGFP-conjugated antibody at 4 °C for 1 h, PHEK
were washed and treated with anisomycin or H,O,. At4 h
and more significantly at 16 h, eGFP-labeled Dsg3 was inter-
nalized from the cell surface (Fig. 3C). No significant colocal-
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ization of Dsg3 and the early endosomal marker EEA-1 was
observed after activation of p38 in PHEK by oxidative stress
(supplemental Fig. S3).

To determine whether the effects of anisomycin, H,0O,, and
PV mAbs are dependent on p38 activation, we examined the
effects of p38 inhibition and gene silencing in PHEK. Prelimi-
nary experiments confirmed that SB202190 but not its inac-
tive analog SB202474 inhibited the activation of p38 MAPK
by oxidative stress (supplemental Fig. S4B). Inhibition of p38
activation decreased the H,0O,- or PV mAb-induced internal-
ization of Dsg3 (Fig. 4A). To confirm that these effects were
specific for p38, we used a siRNA approach to silence p38
MAPK gene expression. Transfection of PHEK with p38 and
control siRNAs (the latter encoding green fluorescent pro-
tein) indicated a 70 -90% transfection efficiency. Transfection
of PHEK with p38 siRNA targeting all four isoforms abolished
total p38 protein levels compared with PHEK transfected with
control siRNA (Fig. 4B, lowest panel). Treatment of control
siRNA-transfected PHEK with H,O, or pathogenic P1 mAb
depleted Dsg3, desmoplakin, and, to a lesser extent, plakoglo-
bin in the Triton X-100-insoluble (desmosomal) fraction (Fig.
4B, upper panels). Treatment of control siRNA-transfected
PHEK with H,O, or pathogenic P1 mAb also resulted in the
loss of Dsg3 but not the unrelated protein tubulin in the Tri-
ton X-100-soluble (nondesmosomal) fraction (Fig. 4B, lower
panels). E-cadherin protein levels were slightly reduced in
H,O,-treated but not P1 mAb-treated PHEK. Knockdown of
p38 gene expression rescued the P1 mAb-induced and, to a
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FIGURE 3. Activation of p38 MAPK causes loss of desmosomal Dsg3. A, anisomycin disrupts the desmosomal cell surface localization of Dsg3. PHEK were
treated with 0.4 mm calcium for 16 h to induce desmosome assembly, followed by treatment with the p38 activator anisomycin (100 ng/ml) for the speci-
fied amount of time. The localization of Dsg3 (red) or the desmosomal marker desmoplakin (green) was visualized by immunofluorescence microscopy. Nu-
clei (blue) were stained with DAPI, as shown in image overlay. Scale bar = 10 um. B, desmosomal proteins are preferentially disrupted by p38 activation.
PHEK were treated with 200 um H,O, or 200 wg/ml anisomycin for 4 h in medium containing 1.2 mm calcium. Localization of the adherens junction protein
E-cadherin and the desmosomal cadherin desmocollin 3 was evaluated by immunofluorescence microscopy. Scale bar = 10 um. C, activation of p38 causes
internalization of cell surface Dsg3. PHEK were cultured in medium containing 0.4 mm calcium for 18 h to promote desmosome assembly. Cells were then
incubated in the same medium containing a nonpathogenic anti-Dsg3 mAb tagged with GFP at 4 °C for 1 h to label cell surface Dsg3. After washing with
PBS, cells were treated with 200 um H,0, or 100 ng/ml anisomycin for 0-16 h. Cells were fixed without permeabilization, and the localization of surface-
labeled Dsg3 was evaluated by immunofluorescence microscopy. Scale bar = 10 um.

lesser extent, the H,O,-induced loss of Dsg3 in the Triton
X-100-soluble and Triton X-100-insoluble fractions.

DISCUSSION

The relationship between p38 activation, Dsg3 endocytosis,
and the loss of intercellular adhesion in PV has been difficult
to determine. A major problem in comparing data from dif-
ferent laboratories is that PV IgG isolated from patients’ sera
is heterogeneous, containing a mixture of pathogenic and
nonpathogenic mAbs that can recognize Dsg3 as well as other
desmosomal cadherins, with serum titers varying between
different patients and even within the same patient over time.
We have previously shown that recombinant nonpathogenic
anti-Dsg3 mAbs cloned from a PV patient bind Dsg3 but do
not cause its endocytosis or interfere with its incorporation
into the desmosome; in contrast, recombinant pathogenic PV
mAbs cause endocytosis of newly synthesized Dsg3, impairing
desmosome assembly and consequently desmosomal adhe-
sion (17). The advantage of our approach is that we use well
characterized pathogenic PV mAbs with nonpathogenic PV
mAbs as controls, thereby avoiding potential heterogeneous
effects caused by polyclonal patient IgG. Additionally, all
prior studies on the role of p38 MAPK in PV have been per-
formed using only pyridinyl imidazole inhibitors, which can
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inhibit kinases other than p38 (36). In the current study, we
have more specifically investigated the role of p38 MAPK in
PV using p38 gene silencing and targeted deletion of p38«
MAPK in mouse epidermal keratinocytes.

Our studies indicate that p38a MAPK is not required for
the loss of intercellular adhesion in PV. Mice with a targeted
deletion of p38a MAPK in the epidermis develop suprabasal
blisters after passive transfer of low and high doses of PV
mADbs (Fig. 2 and supplemental Table S2), indicating that the
loss of Dsg3-mediated adhesion is not p38a-dependent. Fur-
thermore, Fig. 1 indicates that Dsg3 endocytosis does not re-
quire p38 activation and suggests that p38 MAPK activation is
secondary to the loss of intercellular adhesion. Taken to-
gether, these findings suggest that PV mAbs directly inhibit
Dsg3-mediated adhesion, a model that has previously been
supported by in vitro assays (14).

It is possible but unlikely that other p38 isoforms could be
mediating pathogenicity in our studies. Human keratinocytes
express RNA for the «, 3, and & isoforms of p38 (32). Fig. 1
indicates that P2 and AK23 pathogenic antibodies do not acti-
vate any of these p38 isoforms. Mouse epidermal keratino-
cytes express p38a, p38+y, and p384 isoforms (33). Fig. 2C in-
dicates that only focal activation of p386 was observed in
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FIGURE 4. Inhibition of p38 MAPK prevents Dsg3 endocytosis and depletion from desmosomal fractions. A, p38 inhibition decreases internalization of
Dsg3 by p38 activators and pathogenic PV mAbs. PHEK were pretreated with 2 um SB202190 (p38 inhibitor (inhib)) or SB202474 (an inactive analog control)
or the same volume of Me,SO vehicle for 1 h, followed by 100 wg/ml anisomycin (aniso), 200 um H,0,, or eGFP-conjugated nonpathogenic (NP1) or patho-
genic (P1) PV mAb (200 ng/ml) for 4 h in medium containing 1.2 mm calcium. Subcellular localization of Dsg3 (red) or PV mAbs (green) was determined by
immunofluorescence microscopy. p38 inhibition decreased the loss of cell surface Dsg3 caused by p38 activation and pathogenic PV mAbs. Scale bar = 10
m. B, silencing of p38 MAPK expression prevents depletion of Dsg3 by oxidative stress or pathogenic PV mAb. PHEK were transiently transfected with
siRNA specifically targeting p38 or a control (Ct/) siRNA for 48 h. Cells were treated with 200 ug/ml PV mAbs or 200 um H,O, for 4 h and lysed with buffer
containing 1% Triton X-100. Protein levels in the Triton X-100-insoluble (/ns) and Triton X-100-soluble (Sol) fractions were determined by immunoblotting
using specific antibodies as indicated. Data shown are representative of three independent experiments.

lesional keratinocytes of p38a-deficient mouse epidermis and
that no activation was observed in perilesional keratinocytes,
suggesting, similar to Fig. 1, that p38 activation is secondary
to the loss of cell adhesion. Additionally, pyridinyl imidazole
compounds such as SB202190 only inhibit p38a and p383
isoforms. However, definitive proof would require testing of
mice with targeted deletion or inactivation of all p38 isoforms.
An unexpected finding in our study was that targeted dele-
tion of p38a MAPK led to significant differences in the rela-
tive levels of cell surface Dsg3 observed in keratinocytes
within the blister cavity (Fig. 2). For diagnostic studies on PV
patients, direct immunofluorescence studies are performed
on perilesional rather than lesional (i.e. blistered) epidermis
because cell surface autoantibody staining is disrupted in ke-
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ratinocytes within the blister cavity because of pathogenic
autoantibody internalization. Similar to findings in PV pa-
tients, WT mice injected with pathogenic PV mAbs demon-
strated loss of the linear cell surface IgG and Dsg3 staining
pattern in lesional keratinocytes (Fig. 2D). In contrast, p38a-
deficient keratinocytes within the blister cavity retained a sig-
nificantly higher proportion of cell surface Dsg3 (Fig. 2E).
These findings again support the model that the loss of inter-
cellular adhesion does not depend on Dsg3 endocytosis. How-
ever, these data also indicate that Dsg3 endocytosis in the in
vivo mouse model is impaired in the absence of p38a MAPK.
To further explore the relationship between p38 and Dsg3
endocytosis, we examined the effects of p38 activation, p38
inhibition, and p38 gene silencing in PHEK. If p38 activation
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FIGURE 5. Two-hit hypothesis for the role of p38 MAPK in PV pathogen-
esis. Binding of PV mAbs to Dsg3 directly causes loss of desmoglein-medi-
ated adhesion, leading to Nikolsky-positive blisters (Fig. 2). Pathogenic anti-
Dsg3 PV mAbs cause Dsg3 (but not desmocollin 3) endocytosis (17), which
is not always associated with p38 activation (Fig. 1). Loss of cell-cell adhe-
sion subsequently activates p38, which promotes internalization of both
Dsg3 and desmocollin 3 (Fig. 3) and depletion of multiple desmosomal mol-
ecules (Fig. 4). Therefore, PV mAbs cause the direct p38-independent loss of
Dsg3-mediated adhesion, which is the initial pathogenic event in PV. These
specific pathogenic effects are augmented by subsequent activation of p38
MAPK, leading to depletion of multiple desmosomal molecules, which may
facilitate spontaneous blister formation in PV.

is upstream of Dsg3 endocytosis, then exogenous activation of
p38 should cause Dsg3 endocytosis. p38 MAPK can be acti-
vated by the protein synthesis inhibitor anisomycin and also
by oxidative stress induced by H,O,. Both anisomycin and
oxidative stress caused internalization of cell surface Dsg3,
Dsc3, and desmoplakin (Fig. 3), with no significant effect on
the localization of the adherens junction protein E-cadherin
at the same time points. The effects of anisomycin and H,O,
on Dsg3 internalization are likely due to p38 activation, as p38
inhibition by SB202190 blocked these effects (Fig. 4A).

Inhibition of p38a and p38p isoforms by SB202190 also at
least in part blocked the pathogenic PV mAb-induced inter-
nalization of Dsg3. Similar findings using pyridinyl imidazole
inhibitors and PV patient IgG have been described previously
(23). To more specifically determine the dependence of
H,0,- and PV mAb-induced loss of desmosomal Dsg3 on
p38, we silenced total p38 expression in primary human kera-
tinocytes. Knockdown of p38 expression rescued the PV
mAb-induced depletion of desmosomal Dsg3 and, to a lesser
extent, the oxidative stress-induced depletion of desmosomal
Dsg3 (Fig. 4B).

Collectively, our studies support both p38-independent and
p38-dependent mechanisms of pathogenicity in PV, leading
to a “two-hit” model of disease (depicted in Fig. 5). PV mAbs
directly cause the initial pathogenic event in PV: the loss of
Dsg-mediated adhesion (Nikolsky’s sign), which is p38-inde-
pendent. Fig. 1C suggests that p38 activation is secondary to
the loss of cell adhesion and also indicates a p38-independent
mechanism of Dsg3 endocytosis. In contrast, Figs. 3 and 4
support a p38-dependent mechanism for Dsg3 endocytosis. A
significant difference between these two mechanisms is that
pathogenic PV mAbs cause endocytosis of Dsg3 but not Dsc3
(17), whereas exogenous activation of p38 leads to simultane-
ous loss of both cell surface Dsg3 and Dsc3. Pathogenic PV
autoantibodies cause internalization of Dsg3 into an early en-
dosomal compartment by a clathrin- and dynamin-independ-
ent mechanism (16 —18). No significant colocalization of Dsg3
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and early endosomal marker EEA-1 was observed in H,O,-
treated keratinocytes, suggesting that these pathways may
indeed differ. Future studies will aim to further elucidate the
molecules and pathways regulating the turnover of cell sur-
face Dsg3 under physiologic and pathophysiologic conditions.

The two-hit model is congruent with several observations
on disease. First, it explains why p38 activation in a variety of
skin diseases such as psoriasis does not lead to skin blistering
(although loss of cell adhesion is observed in some skin can-
cers, such as acantholytic squamous cell carcinomas). It is also
compatible with desmoglein compensation theory in that PV
mAb-induced loss of desmoglein adhesion determines the site
of pathology, with blister formation augmented by subsequent
p38 activation. A prediction of the model is that p38 inhibi-
tion would ameliorate only p38-dependent pathologic pro-
cesses (depicted on the right side of Fig. 5), which could be
offset by increasing titers of pathogenic PV mAb (depicted on
the left side of Fig. 5). In other words, clinical p38 inhibitors
may work to prevent spontaneous blister formation but may
not prevent skin fragility (Nikolsky positivity), particularly in
severe cases with high titers of circulating pathogenic
autoantibodies.

In summary, our data suggest that p38 activation and Dsg3
endocytosis are secondary to the loss of intercellular adhesion
caused by pathogenic PV autoantibodies. Activation of p38
subsequently disrupts cell surface desmosomal cadherin local-
ization, likely augmenting blister formation in PV. Targeting
of p38 represents a novel treatment strategy for PV, which
aims to block the target-organ pathologic response (i.e. in-
crease keratinocyte adhesion) rather than generally suppress
host immunity. Increased keratinocyte adhesion is thought to
underlie the rapid therapeutic response of pemphigus patients
to corticosteroids (42), although corticosteroids also cause
immunosuppression and hyperglycemia, which are undesir-
able in patients with widespread blistering and risk of sepsis.
Further study of pathways regulating keratinocyte adhesion
may lead to safe and effective skin-targeted therapies for this
life-threatening disorder.
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